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QUENCY STABILIZATION OF GaAIAs LASER
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spectroscopy.　　By stabilizing the　diode　temperature within １０‾３









smaller　than　the　Doppler-broadened width　１８５　MHz (HWHM) .　The
Ｖ





































frequency can be　reduced within　１　ＭＨｚ。











































































































































































wide-range　oscillation　is now　under　research by using　various
semiconductor　materials.　The　semiconductor　lasers　have many
advantages ，such　as　small　size, low electric power　for　operation
and　easy　operation　on ａ　single　longitudinal　mode。　Because　of
such　advantagesf　the　semiconductor　lasers　are　used　in wide






















this work/ the　saturated absorption　spectra　of　Cs　have been





(HWHM), and by　locking　the　laser　frequency to　one　of　the　Doppler-
free　spectra, the　frequency　stability　of　the　GaAlAs　laser　better
than　１０‾１１　was　ｏｂｔａｉｎｅｄ．２〉Ｉ　工tmust　be　emphasized　that a small











the　laser　spectroscopy　is　also　presented.　工ｎ　Sec. 1-3, a brief
review　is given　on　the　saturated absorption　spectroscopy which　is
used　to　obtain　ａ　sharp Doppler-free　spectrum and　on　the　optical










semiconductor　lasers　have been　extensively　improved according to
development　of　semiconductor　materials　and　diode　structures.　工ｎ
３
1970, continuous wave　operation became possible　at　room
temperature by　employing　ｄｏｕｂｌｅｈｅｔｅｒｏｓｔｒｕｃｔＵｒｅ．４〉　　since　then









of　semiconductor　laser　has been　increasedf and ａ GaAlAs　laser













GaAlAs　laser　was　carefully measured　by Fleming　et al・15)　They

























temperature　are　changed, and　the　frequency gap of　mode　hopping　is
more　than　１０　GHz.　It　is possible　to get wider　tunable　region by
choosing　an　adequate　combination　of　the　injection　current　and　the
diode　temperature。
　　　　　In　the　case　of　GaAlAs　laser, a　frequency modulation with












characteristic was z:ecently measui:ed by Kobayashi　et al・，19）ａｎｄ
the　result　shows　that　0 。1　へ･３　GHz/mA frequency deviation can be






temperature with　injection current　about　１０ ｍＡ。　It may be
expected for　an　ordinary　regulated　current-source　to have
stability　of　１０｀４．　　In such　ａ case, the　fluctuation　of　the　laser
frequency　is　estimated to be　about　１ MHz　due　to　the　fluctuation
of　the　injection　current.　０ｎ　the　other　handf it　is difficult　to
suppress　the　fluctuation　of　the　diode　temperature within　０．１　°Ｃ
only　by an　air　conditioner, which causes　at　least　１　GHz　change　of
the　laser　frequency.　　since　the　variation of　room temperature　Is
relatively　slow, it determines　mainly the　long‘term frequency-
stability.　While, the　short-term　frequency-stability　Is　about




semiconductor　laser　has been　attempted by using　several methods













injection　current, and　they　obtained ａ　few MHz　relative　stability





cooled He-gas　stream.　Only by　temperature　control, they　obtained
３０　MHz　frequency-stability.　　By　frequency　locking.　they　obtained
the　relative　frequency-stability　of　２７０　kHz　with　absolute




















laser, and hence　ａ　stabilized　frequency-scanning may be
possible.　Frequency-modulation　in　the　servocontrol　is　avoidable































at　てav ＝　90 ins.　工ｔ　should be noted that.








fixed and not　tunable, such　absolute　frequency‘reference　is
stable against　external perturbations.　By　locking　the　laser　to
the　center　of　the　absorption　liner extremely　high　frequency-




absorption　line　in　the　り. band at　the wavelength　about　７ 。７　μｍ，
Ohi
31）
stabilized ａ　PbSnTe laser　operating　at　the　liquid Ｎ２
temperature by controlling　the　Injection　current/ and　obtained
the minimum Allan variance　of ４．3×10‘11at　てav °１５　ｓ゛　:[n　1982″
using one　of　the　absorption　lines　of water　vapor　in　the (2,1,1〉




obtained　the Allan variance between 1,1×１０｀１１　and　１．９×１０‘９　at　て




















Yamaguchi　et　a1．35) observed also　the　first　overtone vibration-





obtained　the Allan variance　between ２．０×１０爽１０　and　７．９×１０“１１　at
"^av between　ｌ　ｓ　and　２４０　ｓ．
　工ｎall　the works mentioned above, the　frequency-locking　was
made　by　using　absorption　linesf which were　rather　broad　due　to




absorption　spectra of the Cs-D,　line at　852.1　nm,　for　the　first
time, by using ａ GaAlAs laser ．　The observed width of the
Doppler-free　spectra was　about　２０ ・1,　３０　MHz (HWHM).　They　tried　to
lock　the　laser　frequency　to　one　of　the　Doppler-free　spectra　and
obtained　the minimuni Allan variance　about　１°６）（１０‾１０　at　てav
between　１５　ｓ　and　２４０　ｓ．　In　1982, Hori　ｅｔａ１．２）ｉｍｐｒｏｖｅｄａｂｏｖｅ
system　of　the　frequency-locking, and　they obtained　the　short-　‥




1-2-3 Frequency　stabilization Using Doppler-Free　Spectrum
　　　　　As　ismentioned　in　Sec. 1-2-2, the　absorption line　of
gaseous　atoms　or　molecules　is　used as　an　absolute　frequency-
reference　in　the　frequency-locking　０ｆ　ａ　semiconductor　laser.　The
spectral　sharpness　in these　cases　is　usually　limitted by Doppler-





spectrum of　atoms　or　molecules.　？ｈｅ most　convenient way to
obtain　the　Doppler-free　spectrum　is　the　saturated absorption
１２
spectroscoＰＹ． 36),37) by which　ａ Doppler-free　spectrum of　width
below １００　MHz　is　observed with　relatively　high　signal-to-noise
ratio.　If　one　locks　the　laser　frequency　to　the　saturated





or　molecular spectrum　is much　better　to be　used　in frequency
stabilization　of　the　semiconductor　lasers.　However, this had not
been　performed　until　our　recent works　described　in this　thesis。
　　　　　Recently, we　could observe　for　the　first　time　the　saturated
absorption　spectra　of　the　Ｃｓ’Ｄ２ line　at　852.1　nm using ａ　GaAlAs
laser　operating　at　ａ　room temperature　and　tried to　stabilize　the
laser　frequency by　using　one　of　the Doppler-free spectra.〉　　The
sharpness　of　the　observed Doppler-free　spectra was　about
２０　’｀’３０　MHz(HWHM), and an　extremely high　frequency-stability　of
the　GaAlAs　laser　is　expected　to　achieve　by　locking the　laser
frequency to　one　of　the　sprctra.　To　lock　the　laser　frequency　to
such　narrow　spectrum, it　is very　important　to　reduce ａ
fluctuation　of　the　diode　temperaturef before　locking the　laser
frequency.　at least within lxio~^　° Ｃ which　gives the　fluctuation
of　laser　frequency of　about　１０　MHz.　Namely, it　is　desired　that
the　laser　frequency　１Ｓ beforehand within　the　Doppler-free
spectcum, at　the　center　of which　the　laser　frequency １Ｓ
stabilized.　We　tried to　control　the　dlQde　temperature by using a
13
thermoelectric　cooler　and ａ　temperature-measuring　system with





CS-D2 line by ｃ°゛ｔ“)llinq the　injection current.　The
experimental　results　showed　that　the　short-term　frequency-
stability was　less　than　１０　kHz　and　the Allan　variance was　between
３°ｏ）（１０’１２　and　l.OxlO"-'--'-　゛や　"avbet ゛een 0°１　ｓand 1000　ｓ゛２）
　　　　　Since　the　Doppler-free　spectra　of　the　CS-D2　line　could be
obtained with　sufficient　signal-to-noise　ratio by using　ａ　simple













more/　however：, this may be　improved by utilizing　spectral
narrowing　effects　due　to　optical　ｆｅｅｄｂａｃｋ．３８〉″３９）


















spectroscopy by　utilizing　the　semiconductor　lasersf so　far, and
several　atomic　and molecular　absorption　lines　of　Cs, Rb, Ar, CH^″










application of　the GaAlAs　laser　to ＦＭｌａｓｅｒ－ｓｐｅｃｔｒｏＳＣｏｐｙ４０），ｍａｙ
be　possible because　ａ　frequency-modulation with　high-frequency
can be　achived by modulating　directly　the　injection　current.　It
is　also　interesting　to　use　ａ　combination　of　two　or　more
semiconductor　lasers　in　the　laser　spectroscopy.　　One　of　such
experiment　is　carried　out　in　this work, in which　ａ Doppler-free





1-3-1 Atomic Absorption　Spectrum as　Frequency Reference
　　　　　Anadvance　in physics　and　technology　is　often　closely
connected with　the precision measurements　of　some physical
quantities with　extremely　high　resolution above　ordinary
experiences.　工ｎ　the　field where　the measurement　of　time.
frequency, length　and velocity　are　concerned, the　laser with




frequency, in　free-running　condition, may　fluctuate　and drift
across　gain profile according　to　ａ　change　of　cavity　spacing　and
to　other　perturbations.　工ｎ　ordinary　sense, the　laser　frequency.
especially of　gaseous　laserr is　rather　stable but　it　cannot meet
ａ　requisition　of　modern physics　and　technology.　　For　further　high








to be　ａ very narrow　spectrum, to　be　free　from　external
perturbations　and to be　observed with high　signal-to-noise
ratio。
　　　　　One　of　the　best　frequency　reference　is　the　transition
frequency between　energy　levels　of　unperturbed atoms or
molecules.「rhe　transition frequency v.」　and　the　energy
difference between　levels with energy Ｅｉand E. (　Ｅ１〉Ｅｊ　）゛ｌｌ：ｅ






















































































thermally moves with velocity　ｖｚ　along　ｚ　axis″and　the　laser
















































cavity (C) .　The Doppler-free　spectra　so-called　inverted
Lamb-dip (A〉and Lamb dip (B〉″（Ｃ〉appear　ａｔω　゜ωａｂ°
２２
（　Fig. 1-3　）．　Consequently, a　narrow dip can be　observed　at　the
center　of　the　Doppler-broadened absorption　spectrum.　As




experiment　in practice, depending　on wheather　an　absorption　cell
１ｓ placed　into or　out　of　the　laser　cavity.　　In　the　former, a
narrow peak　appears　in　the　laser‘gain ｐｒｏｆｉｌｅ３６）（　Fig.　工“4A　〉・
when　the　absorption medium　is　the　laser　medium　itself, a　dip of
laser gain　appears at　the　center　of　the gain ’ｐｒofile45）（　Fig.　工“
４Ｂ　〉．　Lamb dip originally　refers　to　such dip　in　the　laser　gain.




split ･into　two beams　and applied　into　the　absorption　cell　from
the　opposite　direction　to　each　other (　Fig.　Ｉ‘４Ｃ　〉．　Usuallyone
laser　beam　is　relatively　intense　and used as　ａ pump beam which
produces hole burning, and　the　other　laser　beam　is weak･and　used




owing　to　the　hole　burning　of　the　pump beam, and ａ　narrow Doppler-


























Lamb dip　) , and also　at
）／２（　crossover　resonance　）．
２４










can be　observed　at　the　arithmetic mean　frequency of
two　transitions　in addition　to　two Lamb dips.　　Consider　the　case
of　atom with　three　energy　levels. two　levels　being　in　the　excited
state.　In　this　casef two　optical　transitions　are possible　from
the　ground state, and let us writeω 21，ａｎｄω31as the　transition
















lines, hole burnings　are produced by　ｔｖｉｏ　counter-prbpagatihg　‥‥‥‥
beams　at　four　different velocities　ｖｚ　according ‘to the　resonance
25
conditions　in　Eqs. (1.3) .　As　in　the　case　of　two-level　atom, two
Lamb dips　can ｂ９　observed at　ω゜ω１２　ａｎｄω゛．ω１３゛　when　the　laser
frequency　is　tuned at (ω２１十ω３１）／２″two　pairs　of　the resonance　‥．
conditions, Egs. (I.3a) and (工.3d), and Egs. (I.3b〉・and (1.3c),
are　simultaneously　satisfied by　atoms with　ｖｚ　°（ω２１＋ω３１）／２ｋ゛　In




third narrow dip of　absorption　appears　on the　Doppler-broadened
background.　This　Doppler-free　spectrum　is　the　crossover
resonance where　two　atomic　transitions　are　simultaneously
concerned with　the　spectrum.　when many energy　levels　are　closely







































polarizations, is　sensitive　to detect　the　hole burning　if　one　use















for the　circular　polarization.　By using　this　phenomenon, we　can
observe　ａ　Doppler-free　spectrum as　the　polarization　change　in the






















＞　…………工,’ｎ　order　tounderstand　the priり（?iple of　the　optical pumping,
　●　　●１．．・．Ｉ■　　　　　　　　　　　　　　　　　　　Ｉ　Ｉ　　●●●













and　ｌｃ〉　ismuch　larger than　those　from　the upper　level　l a〉″^ab
and Ｔａｃ’ Ａ simple　calculation　for　the　three-level　system shows
that　the　saturation　threshold of　the　light　intensity　is　reduced






























separation　ｇ　GHz ， and absorption　lines　from these　levels　are well
separated　in　ａ　vacuum Cs　cell　at　room temperature.　Therefore, by
applying quasi-monochromatic　laser　beam, the　hyperfine　pumping　is





resolution, when　the　frequencies　of　the　pump and probe　beams　can
be　tuned　independently.　　Such　an　application　is　presented　in　this
thesis, where　ａ　Doppler-free　absorption　signal　０ｆ　the　CS-D2　line
is　observed with　no Doppler-broadened background.　工ｔ　is　also
noted　that, the　hyperfine pumping　０ｆ　alkali-metal　atoms　is
applicable　to　the microwave　frequency　standards.　In　fact, the
































Zeeman　sublevels with　the magnetic　quantum number　"･j °±１／２
（　Ｆｉ９°工’８　〉゜　They　correspond　to　the　ground　state　Ｓ１／２　and　the
first　excited　state P2/2　０ｆ alkali-metal atoms, if　the　hyperfine
coupling　is　ignored.　　when pumping　light　is　び十circularly
polarized, the　selection　rule　of　the　angular momentum allows　only
the　transition　from　the　level　with m^ °-1/2　in the Ｓ１／２　state　to
the　level with "･j °１／２　inthe Ｐ１／２state.「rhe　excited　atoms





sublevels　in　the　ground　state/ so　that multipole moment　such　as
electric　quadrupole moment (　alignment　）ｉｓ　produced　in addition







light, the　Zeeman　optical　pumping　is　caused by both　of　spectral-
selective　and velocity-selective excitation.　As　the　result.・many
import･ant　features　arises.　Although we　are not　concerned　in　this
thesis, it　should be　noted　that　the　Zeeman　optical　pumping　can be
applied　to　the　polarization　spectroscopy　in　the　frequency


















saturated absorption　technique　has mainly been　used.　In　the
first　stage/ a　Lamb　dip appearing　at　the　center　of　the　gain
profile was　used　in　the　frequency　locking　０ｆ　He-Ne　laser, and　the
frequency stability　obtained was '＼･１０’９．　　Remarkable　improveraent
has　been made　by　locking　the　laser　frequency　to　an　inverted　Lamb-




less　affected by an　external　perturbation　such　as magnetic　field
and pressure　shift。
　　　　　Although many molecular　absorptipon　lines　exist　from visible






frequency to　the　inverted Lamb-dip with '^100　kHz　width, the
frequency　stability　of　１０｀１４｀　１０’１５　has　been　obtained, which
competes with　the　stability　of　the　Cs　beam　frequency-standard.






intercomparison was　performed in　the　case　of　the Ij-stabilized
ｌａｓｅｒｓ．７２〉　　These　laserswith extremely　high　frequency-stability




　and　in ａ　test　of　physical　concept ， such　as　the
７４）
　　　　Beside　these″ the　C02　laser　at　１０　umhas　been　also
stabilized at　inverted Lamb-dip by　using　C02　and　ＳＦ６　absorption
line.
75）










or　third　derivative　of　the　spectrum obtained by means　of　lock-in
detection　is　usually　used　in　the　servocontrol　of　the　laser
























　　　　　In　thecase　of　cw dye　laser, which consists　of　ａ　thin stream
of　dye　solution　and an　optical　cavity with　some　frequency-
selective　optical　elements ， the　dye　stream　is　excited by　ａ pump


















mentioned already　has　been　Ｕｓｅｄ．８１〉,82)　］[n this method, the
laser　frequency　is　locked　to　the　resonance　of　an　external　optical









resolution was proposed.・in which an　工--stabilized He-Ne　laser
was　used　to　provide　ａ　reference　frequency.　　The　dye　laser
frequency was　controlled by　using　an　intracavity ADP phase
modulator　with　fast　servo　electronics　and piezo-electric　cavity-
transducer.　The　result was　that　the　linewidth　of　the　stabilized






































（　へｊ１０　MHz　〉．　However,it may be possible　to　achieve　frequency
stability　of the　semiconductor　ｌａｓｅｒｙＬＯ’１３，　which　is　comparable
with　that　of ordinary　Ij-stabilized He-Ne　laser.　It　should be
noted that　ａ　spectral-narrowing　effect　of　semiconductor　laser　has
been　reported　in which　optical-feedback　effect　is　utilized.　The
semiconductor　laser　is　very　smallf and ａ　small　optical　system can
be　used　for　the　frequency　locking.　　As　is　shown　in　this workf a









operates　on　ａ　single mode much　easily, i. e. without　any
additional　spectral-selective　element, and　is　highly　frequency-
tunable　only by controlling　diode　temperature　and　injection
























laser (　chapter　IV ) .　We will　describe　in more　detail　０ｎ　the
study discussed　in each　chapter。
　　　　　In　chapter　工I,we　present　ａ　theoretical　treatment　of　the
saturated absorption　spectroscopy where　an　interaction between
atom　and　laser　beam　is　discussed by using　ａ　semiclassical
theory.　　We　firstly　show that　an　atom can be　treated by using　ａ















with the　Ｄ２　absorption line　and　its Doppler-free　spectra.　Using
the　results　of　chap.　工I, it　is　shown　that　the　saturation




















































spectrum of　each　atom　is very　narrow.　however ， absorption

















ａ　conception　of　ａ　simplified model　０ｆ　atom and　the　density matrix
ｐ　by which we　treat　atoms　in　the　following　sections.
II-1-2　Simplified Model　of Atom　in Vapor
　　　　Consider　the　case　that　ａ　single　atom　is　irradiated by ａ
monochromatic　light　beam.　An　interaction　between　atom and　light
can be　described　by　using　an　atomic　Hamiltonian H, which　can be



















treated as　ａ　transition problem between　eigenstates　due　to　the






case ｆ　we　can　consider　on　the behavior　of　atom using　ａ　state
vector　ｌψｌ〉in　the　sub-space　spanned by　ｌφａ〉　and　ｌφｂ〉　instead　of
ａ　proper　state　vector　ｌψ〉, where　the　vector　ｌψｌ〉is produced　from







Such　simplified model　of　atom　in　the　subspace is　called as"two-
level　system” ，and　similarly we　can have　ａ　”three-level　system”
where　three　atomic　eigenstates　come　into　transition　problem。
　　　　　In　this　chapterfwe　are　interested　in　the　atom-light
interaction　in an　atomic　vapor ， where we　cannot　observe　the　state
of　each　atom, and ａ　possible　observation　of　some　atomic
observable Ａ gives　always　its mean value　<Ａ〉　averaged　over　ａ１１１
atoms　in the　vapor 。　　工ｎthis case, an　atom should be　treated not
individually but　as　an　ensemble.　Let　us　represent　the　atomic
state　to be　considered　in　the　ensemble as ｌφｉ〉andthe　rest　of





In　this　case, the mean value　of　atomic　observable A, which　is







LJ c;ｋｃｉｋりj' AIφ？・ (工工.9)
The　ensemble　atom　is　represented　usually by using　ａ　Hermitian
operator　ｐ called as　density operator　with matrix　elements
????。『。。????????????????
^ik'












The　eigenvalue "i　can be　interpreted as　ａprobability of　finding
an　atom　in　the　state ｌφ１〉because　ａ　simple calculation　shows
ｗｌ≧Ｏ and ！ "i ゛１’
　　　　　　　　　　・
　　　　The　time　variation of　the　atomic　eigenstates　are　expressed



















Hamlltonian　is given, we　can　calculate　the　motion of　atoms　using
the　Liouville　equation.
　　　　In　atomic　vapor， atom moves　thermally.　so　one　atom　is　also
considered to　be　ａｎ・ensemble　of　atomsmoving with　all possible





Whole　atoms　in vapor　are　represented by using　the　Maxwellian
５０








Pv °y w. |iv〉くiｖに
　　　　１









where　･^B　is the　Boltzmann constant. T　is　the　temperature　and Ｍ　is
the mass　of　atom.
　　　　　工ｎ　the　following　sections,we discuss　on　the　saturated
absorption　spectra using ａ　simplified atomic　system described by
density matrix　Pv defined　in　Ｅｑ°（工工.17) for　each velocity group
of　atoms.　　Such　assumption has validity　in　the　case　that velocity
changing　collision　can be negligible.　In　this　case, mean　value
of　atomic　observable Ａ can be　calculated at　first by taking　the
trace　of　Pv^ similarly　to　Ｅｑ’（工工.11) for　each velocity group of
atoms　and next by　integrating　over　all　possible velocity with





In　this　representation, we may normalize　the　density operator　for
each　velocity group of　atoms　as
T八　Pv ｝＝１

















la> =に|　, |b> =に卜












where Ｙａ and Ｙｂ are decay　rates　of Paa and ｐｂｂ″Ｙａｂ　isdecay　rate
of ｐａｂ″and p means　the matrix　element　in　the　thermal
equilibrium.　In　these　equations″ the　diagonal　elements ｐaa　and
Pbb　are　usually　called as　”population” because　they give　the
probability　of　finding　atoms　at　the　states　ｌａ〉　and　ｌｂ〉, and　the
off-diagonal　element　Pab　is　called as　”coherencｅ”． which　is
concerned with　the　induced　electric dipole moment　of atom.
when　atoms　are　in thermal　equilibrium, the　populations　in　ｌａ〉　and
ｌｂ〉　are　distributed according ･to　the　Boltzmann　distribution with
random phase ‘　　since　Ｅａ‾Ｅｂ　〉〉kgT　for　light　absorbing
states″
心～ 0 and ^ffi ｀1，ａｎｄ also ｐＡ?;)=p留＝ｏ。




























We　can　consider　that p 1ｓ　slowly　varying with　respect　to　time.
and we　can　neglect　the　rapidly　oscillating　term　and　the















































decay.　　In　Eqs. (工工.35) and (11.36〉, total　population　of　atoms　is




transition　rate R . and　the　set　of　rate equations.　The　solution
of　the　coherence　Pab presents ａ　dielectric　interaction between
light and atomic　vapor　and determines　the　light　propagation
characteristics ，０ｎwhich we will　discuss　in the　following
sections.
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　　　　　　　　　　n = 1 + 217 Re｛〈X > >,
where　工ｍand Re means　the　imaginary and　real part　of　〈Ｘ〉
１：espectively.　　　　　　　　　　　　　　　　　　．．
　　　　　Thepolarization　of　atomic　vapor　can be　easily　calculated
from Eq. (I工.11).　Let us　consider　that Ｎ atoms　are　in the　unit
volumer and the　macroscopic polarization　is Ｎ　times　of　the　atomic
polarization　〈き〉as
? = N　＜さ　〉． (工工.43)
!rhe mean value　of　the　electric dipole moment ’き　is　calculated　from
Eq. (工1.11)　as
(お゜Tr{p3}゜ｐａｂさ:b4'‘}:ｂさａｂ・ (工工.岫)






















Eqs. (工工。35) and (工Ｉ。36), we can　obtain　the　absorption　spectrum
of　the　atomic　vapor ・
II-2-3　Doppler-Broadened Absorption　Spectrum
　　　　　In　above　section, we　have discussed the　atom-light
interaction　on　the　atomic　frame.　In　the　vapor,　atoms move with
thermal　velocity with　Maxwellian　velocity distribution, and　the
light　frequency on　each　atomic　frame　is　shifted　due　to　the
Doppler　effect.　As　shown　in Fig.　Il-l(a), consider　an　atom　on
the　laboratory　frame, in which　atom moves along　ｘｌ　axis with
velocity V, and　the　light ･with　frequency ω　is propagated　along　ｚ
axis ″ and the　angle between　X, and　ｚ　axes　is　ｅ．　This can be
ｄ
translated　to　the　atomic　frame as　shown　in Fig.　Il-l(b), in　which
the　light source moves along ^l'　axis with　velocity ‘Ｖ″and　the























































１００　Hz, which presents　small　ambiguity of　the　center　of　the
absorption　spectrum。
　　　　　In　the　following　calculations, we　take　account　of　the　first
order Doppler-shift, and the　atomic　transition frequencyωab　in
Eq. (工工.46) is　replaced ｂｙωab　＋　kｖ゛　By　integrating　Eq. (II°46）
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１　MHz　and is much smaller　than　ku.　工ｎ this case, so　called


















observed to be　ａGaussian shape with width ωＤ
ωＤ ＝　２ω　　　　ab
２１ｎ ２ ）1/2 (PWHM), (工工.62)
which　is　usually　referred as　Inhomogeneous　or　Doppler-broadened




propagating　in atomic　vapor　is proportional　to　the population
difference between　atomic　energy　levels where　light　absorption











scheme　as　shown　in　Fig.工1-2, in which　lower　level　is　in atomic
ground　state.　The population　in　ｌａ〉　decays　to　ｌｂ〉　with ａ　rate　Ｙ，
and populations　in both　levels　also　decay　to　its　thermal
equilibrium with　rate ＹＴ°　In　the　present work″Yt　is　considered
to be　reciprocal　to　the　time duration　of　atom-field　interaction.







１ｎwhich we will normalize the　population　so　that
Tバｐ｝゛ｐａａ＋ｐｂｂ °１． (工工.65)





































where Yab　is the　natural width (HWHM) of　the absorption　line.　工ｎ
Eq. (工工゜68）″usually p2乱’｀’Osince ｈωab〉〉ｋＢＴ″hence ｐぼ'＼, 1.





















Egs. (工工.70) and (工1.71) into Eq. (工工.53) and evaluating　the










































Hz,　so　that　the　light power　of about　100 mW/cm2　1ｓ




















where Ｙbe　is　the　decay　rate of　the population difference between











































where we　introduced the　relaxation-branching　ratio　E and　the




























lｓ　in the　three-level system　is proportional to　the　relaxation
time T between　lower　levels　in　contrast with　two-level　system　in



















This　shows　that, the　hole burning with Lorentzian　shape　is
produced　in the　level　ｌｂ〉fand　the population burned　is
ｚ：epopulated to　ｌｃ〉　conserving　thermal　velocity　ｖand　the
Lorentzian　shape.　Ａ relatively　Intense　light　can　almost
completely deplete the level ｌｂ〉ａｔｖ°（ωab-w)/k.　It　should be
noted that　the　absorption　coefficients　for　both　cases　of　two-
　and　three-level　systems　are　formally　equal, except　ａ　difference





saturated absorption　spectroscopy　as　shown　in Fig.　II-4r in which
an　absorption　cell　０ｆ　atomic　vapor　is　subjected　to　two counter-
propagating　laser　beams.　One　of　the　laser　beams　is　relatively
intense　and used as　ａpump beam which burns　ａ　hole　in　the
velocity distribution　of　atoms　in　the　ground　level.　The　other








































As　is mentioned　in　Sec. Iエー3-4, the･ population　difference　between
the　ground and　excited levels　can be　calculated by using　ＥｑＳ・（工工.67)
and (11.81).　The difference between　these　two　cases　１Ｓ only　in






between　levels ．　!rherefore, the　population distribution　in　each
level　１Ｓ　determined due　ｔ０　interaction of　atoms with　the　pump
beam.　The　absorption　of　the　probe beam　is　calculated by using




Eq. (11.67), the population　difference　produced by　the　pump beam
is　calculated　for　each velocity group of　atoms　as
７５
(P22-Pii)v°(pS§)-p1?))Ｖ{1‾耽Ｌ(り1＋ｋ７)}゛(工工90)
The pump beam produces the　hole burning ａｔω２１＋ｋｖ°ω’　!Ｘ!he
absorption　of　the　probe beam　is proportional　to　the　population

























two　terms, the　first　term a ^^presents　an　ordinary Doppler-













This　gives ｖ　°Ｏ　and　ω゜ω２１゛　simple calculation gives　≪p2　１ｎ


























































６Ｄof　the　saturated absorption　spectrum as　ａ　function of
the　saturation　parameter　Ｉｓ゛
12〉
Lamb dip is the　Lorentzian spectrum with　the　spectral width ＹＤ
(HWHM) given　as
TＤ°（1十／ｒ司７）Ｔ２１ ／２．




which　is　the　relative value　to　the Doppler-broadened background.
The　theoretical　values　of Yrj and ６Ｄ are　shown in Ｆ１９°工工“６
according　to　ａ change　of　the　saturation parameter.
　　　　　In　the　case　thatr the　absorption　cell　１ｓ　optically　thin.
Eqs. (I工.97) and (工工.98) give　directly　the　shape　of　observed
signal　０ｆ　the　Lamb dip.　　工ｎ　the　case　that, the　cell　1ｓ　optically
thick, the　observed　shape　of　the　Lamb dip １Ｓ　calculated　from ａ
nonlinear　absorption　equation　as
JjWjLL＝－（x（ｚ）工（ｚ）， (工工.101)








　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ごabsorption lines overlap to each other due to Doppler-
broadening.　　工ｎ　the　case　of　the　hyperfine　levels/ the　frequency
separation (ω31-0)21) is　usually much　larger　than　the　natural
linewidth.　Therefore, we　can neglect　the　case　that atoms　in　the
same velocity group are　excited　simultaneously　to　the　upper
levels　ｌ２〉　and　ｌ３〉．　In　this　case， we　can neglect　the　coherence
between　two　upper　levels　as ｐ３２’｀’Ｏ″whichｘ：educes　ａ　complication
of　the　ｐｒｏｂｌｅｍ．１００）　!The　resultsof　Sec. II-2 can be　utilized for
this　case.
　　　　　工ｎ　the　case　of　the　three-level　systemf hole burnings　are
produced by the　pump beam at　two　different velocities ｖ　in　the
velocity distribution　of　atoms　in　the　ground　level.　？ｈｅ
population difference between　the　upper　and the　lower　levels　are






















































Substituting　the　Eqs. (11.102) and (11.103) into　Eq. (11.104) and
integrating over　all　possible velocity, the　absorption

















absorption　and　two Lamb dips　appeared at both centers　of　the
teansitions.　The　later　term （ｘｐ２represents another type of the
８２



































　　　　　　　　　　　-{interchange　２　and ３　１ｎabove　expression} , (I工.111)













pumping　and　its　detection by ・１１〉to　ｌ３〉　absorption, and　vice
versa。
　　　　　whenmany　energy　levels　are　closely　spaced　in　the　excited











that　the Doppler-free　spectra. Lamb dip and crossover　resonance.
are　appeared　in　the　case　of　two-　and　three-level　atomic　systems.
























































is　called　the　hyperfine　pumping.　　As mentioned　in　Sec. 1-3-3, the
hyperfine　pumping　enhances　considerably　the　saturation　of















injection current　or by about　１０‾３　°Cfluctuation　of　the　diode
temperature.　Although　it　is　easy　to　prepare　ａ　regulated　current
source with stability　of　１０‾４，ｓｐｅｃｉａｌｄｅｖｉｃｅｓ　arerequired　to














line (　852.112　nm　) respectively・ The　CS-D2
８８
the　tunable　range　of　GaAlAs　laser.　The　Cs　atom has　nuclear　spin

























9192631770　Hz, which　is used　in　the　definition of ｔｉｍｅ．１０５）　　The
６２Ｐ３／２　state　consists　of　four hyperfine　levels with　Ｆ　＝　2,3, 4
and　５．　The　theoretical values　of　the　hyperfine　separations　in
the　６２Ｐ３／２　ｓｔａｔｅ５８）ａｒｅ　△５４　=212°８　ＭＨｚ″△４３　= 169°３　MHz　and





























of　the　６２Ｐ３／２　statewas measured by Link 108) to be　30.5　ns, which
gives　the　natural　homogeneous　linewidth　２ 。６　MHz(HWHM) and　the
oscillator　strength　'b2 = 0.732.　The　oscillator strength　is
related to the dipole matt°ｉ°ｃelement Pij ゛ｓ９１〉″９２）
2
°‾≒ｽﾞJきでけ‾゛8°95゛10‾35 ^IJ　（（ｍ２ｅｓｕ2）j　（工工工.3）
where　ｅ　is　the　electron charge ″'"e　is the　electron mass.ωij　and
S. at：ｅthe frequency and the　relative weight　of　the
transition
91）
from the hyperfine level with Ｆ ＝ｊ in the ground
state　to　the　hyperfine　level　with　F゛i　in　the　62P3/2　state.　We
normalize　the　values　of ^ij　so that　the　sum　of S. .　over　ａ１１
tansitions　from　the　ground　state becomes　unity.　　The　theoretical


















Table　工工I－1　　The　relative゛eight ^ij of the　transition









!rable　工II-2　　The dipole °゜trix ele°ent　Pij　of　Cs




with Ｆ °ｉ　in the　６２Ｐ３／２　stateof　Cs. and　the　natural
１籾ｅ゛idth ^ij (HWHM) Of　the absorption　line
corresponding　to　the　transition　fｒom62S1/2 F ゛j to
62P3/2　F ＝i．
Table　ＩＩエー4　　The　relaxation b°「lching 1:゜tio C.」 of Cs
excited from '＼/2 Ｆ °ｊ to ６２Ｐ３／２Ｐ ゛ｉ・
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　　　　　Let　us　consider　the absorption　spectroscopy　of　the　CS-D2

















selectively　excited　to　the　６２ P3/2 state, and　ａ　part　of　the
excited　atoms　quickly decay　to　the　other　hyperfine　level　in　the
ground　state, if　such　decay branch　agrees　with　the　selection






















the ６２Ｐ３／２state ″ Ｗ is the lasei： ｐｏ゛゛ｅｌ：density in W/cm"^
″ ゛「ｌｄＣｉ」
is　the　ratio　of　relaxation branching　from　one　to　the　other
hyperfine levels in the ground state for　the Ｆ ＝ｊ　to i
excitation.　In　the　case ｔｈ°ｔ″とｉｊ々０，ｔｈｅ second term in the





　　　　Here we　give　data　on　Cs for　later　use.　The melting point　of
Cs metal　is　28.8　°Ｃ．　The　vapor　pressu‘re　ｐ and　the　vapor　density




(torr, cm" ) (工工工．６）















(10.5460, 1.00, 4150) in the case of Pf and <A,B,･C)= (2･9.531,
2.00,　4150) in　the　case　of　n.　and at　the　temperature･.above　the -
　　　　　　　　　　　　　　　　　　　　　　　　●　　／　　；　　　　．゛melting point, (A,B,C〉゜(11.0531, 1.35, 4041) in the; case　of Pf
and (A,B,C)= (30.0379, 2.35, 4041) in　the　case　of　ｎ．　Typical
values　of　p and ｎ　are　about ３×１０“７　torr　and 1x10-'-^　cm" at ．１０　°Ｃ，
which　is　enough　to　observe　the　saturated　absorption　spectra　by















Ｆ　°５″４　and　３　inthe　６２Ｐ３／２state, and Cl, C2　and Ｃ３　represent
the　crossover　resonances due　to　the　pairs　of　the　transitions　to






































































!rable　III-5　　　The width Yp and　the　relative magnitude
of　each　saturated absorption　spectrum of　the　Ｃｓ‾Ｄ２　line
calculated　in　the　case　that　the　power　density　and
diameter　of　the　pump beam are　２ ｍＷ／ｃｍ２　and　５mnir and the
Cs　cell　temperature　is　１０　°Ｃ．　The　symbols　such　as　LI




Ｆ＝４ and ３　in the　６２Ｐ３／２　state″respectively.　The　symbols　Ｌ４″
Ｌ５　and Ｌ６　represent　the　Lamb dips　from the　hyperfine　level with
Ｆ　＝３　in　the　ground　state　to　the　hyperfine　levels with






in the　case　that　the power　density and diameter　of　the　pump beam






Eq. (III.5), the width　of　the　saturated absorption　spectrum
ＴＤｉｊｋ１（ＨＷＨＭ〉゛ｅgiven from the　results　of Chap.　Ｉ工　as
"^Dljkl ゛（Ｔｋ１十゛/Ｔ可こj ^IJ )/2, (工工工.7)
where　the　pump beam　excites　atoms　from Ｆ　＝　ｊ　to　ifand　the　probe







ground　state　is　negligible, the　relaxation　time Ｔ between







where ｄ　is　the beam diameterf and ｕ　is　the most probable velocity
of　atoms　across　the　laser　beam.　At　room　temperature, u　is　about
２００ m/s, and Ｔ　is　へ,１０’５　ｓ　for　the　beam　diameter　of　several　ｌ　mm.







beam with　５　mm diameter　and　2 mW/cm^ power　density and　of　ａ Cs
cell　at　１０　°c.　In this　case　ｕ　is about　２００　m/s and Ｔ　is　roughly
２．５)(１０‾５　ｓｆ　and　the　saturation parameter becomes　about　３１　for　the
Ｆ　＝　４　to　４　transitionwhich give　the　normalized depth　of　Lamb　dip
about　８３　亀．　We　show　in Table　ｌ工エー５　the　calculated values　of 工ｓ
100
and　６Ｄ’　In　this　way, the　Doppler-free　spectra　of　Ｃｓ｀Ｄ２　line　can
be　observed with　good　signal-to-noise　ratio by using　ａ weak　laser
















was　measured　by　using ａ monochromatorf as　changing　the　diode
































tuned to the CS-D2 line ゛゛henthe injection current was　around
４３　itlAat　the　diode　temperature　３０　°c.　since　the　continuously
tunable　region　of　the GaAlAs　laser was more　than　１０　GHz, we　can
observe　continuously, i.　ｅ．　without mode　hopping, the　two
absorption　components　of　the　Ｃｓ‘Ｄ２　line　from　the　hyperfine　levels
with　Ｆ　＝３　and　４　in　the　ground　state。
































tightly on　ａ　small　aluminum block, whose　temperature　is
controlled by ａ　thermoelectric　cooler (　Peltier　element　）ｂｙ
which both　heating　and cooling　are possible.　The　thermoelectric






























１０　ＫΩ,which　can be　adjusted by　0.01　1　step.　　Thus, the　change　of
the　diode　temperature　is　converted　to　the　output voltage　of　the
bridge　circuit.　In　order　to　stabilize　the　diode　temperature, the





misadjustment　of　the　bridge　circuit　can be　compensated by an
offset　circuit, and we　can　easily　stabilize　the　diode　temperature
at　ａ　desired value with stability better　than　１０’３　°Ｃ．　　since　the
bridge　circuit　and　the　first　stage　amplifier　of　its　output　may




























































by ａ　lens with　focal　length　１８ mm and　split　into　two beams　by ａ










other　within　the　cellf i. e. the　probe beam　is　completely
contained by　the　pump beam within　the　cell.　since　laser　beam　is
invisible, the　beam path　is　found　out by　using　an　:|:R-phospher
which　emits　visib]．ｅ　light　as　infrared　light　is　irradiated.　After




















torr　and　１．０×１０“３ cm" at　11　°C,at which　the　following
experiments were　carried ｏｕｔ。　The　length　of　the　Cscell　is　５　cm.
１１０






all　optical　components　are　fastened by using magnetic　basements
on　an iron　surface plate　of　30 X 40　cm　in　size, which　is　isolated
from　the　laboratory　floor　by using　air　cushons.




injection　current　and the　diode　temperaturer as mentioned
already.　　Rather　wide　frequency　range　can be　put　into ａ
continuously　changing　region by choosing　an adequate　combination
of　the　injection　current　and　the　diode　temperature.!lowever　some
frequency　range　still　remain within　ａ　gap of　mode　hopping.　　Rough
tuning ０ｆ　the　laser　frequency　to　the　CS-D2 line　is　obtained by
monitoring　it with　ａ monochromator, to which　the　light　from　ａ Cs
lamp　is　also　applied as　ａ　frequency　reference.　since　the
















a　few GHz　by modulating　the　injection current, and an　absorption
signal　０ｆ　the　laser　beam　is　observed on　ａ　CRT.　Ａ Doppler-
broadened　absorption　spectrum　of　the　Cs-Dg line　can be　observed
on the CRT by sweeping either　the injection current or　the diode
temperature。
　　　　　One　of　the　observed Doppler-broadened absorption　spectrum of
the　Ｃｓ’D2line　is　shown　in Fig.　工工エー6,as　an　intensity　change　of
the　transmitted　laser　beam　as　ａ　function　of　the　change　of　the
diode　temperature measured by　the　system described　in　Sec.工工エー
３．　　Wecan　see　in　Fig.　工工工－６　twoDoppler-broadened　absorption
lines　from the　hyperfine　levels with　Ｆ　＝３　and　４　in　the　ground






the　main absorption　signals, which　are considered　to be　due　to
the　spectral　characteristics　of　the　GaAlAs　laser.　similar










in　the　ground　state　of　Cs ，in　two　cases　that (A) the














can be　regarded　to be proportional　to　that　of　the　laser　frequency
because　the　change was　slow and　small, less　than　０．１　°Ｃ。
　　　　　In　Fig.　工Ｉエー1,the　curve Ａ shows　the　absorption　signal　０ｆ
the　probe　beam　observed when　the　pump beam was　not　applied, the
curve　Ｂ　shows　the　signal　observed when　the　pump beam was







































hyperfine　level　is　identified by the　quantum number　Ｆ．
detecting　the　probe beam　after　transmitted　through　the　Cs　cell.
The Doppler-free　spectra with　very high　signal-to-noise　ratio
could be　obtained　in　only　one　scan.　without　any data processing・
The　spectra　indicated by　symbols　LI, L2　and　Ｌ３　are　Lamb　dips　due
to　the　transitions　to the　hyperfine　levels with Ｆ　= 5, 4　and　３　in
the　６２Ｐ３／２　staterand　those　indicated by　symbols　Cl, C2　and Ｃ３
are　the crossover　resonances between　these　Lamb dips.　which have
been　discussed　in details　in　Sec. I工エー２．　１ｎ　Fig.　１１ｴｰ7,the
frequency　scale was　determined　by　fitting　the　separation between
dips　of　Cl　and Ｌ３　to　the　theoretical　value {　275.8 MHz　）.　The






are　shown　in Fig.　１工工-8, in which　the　excitation by　the　pump beam
is　indicated by　ｚﾌﾟｊ］　ｆ　that　of　the　probe　beam　is　indicated by
　　／　ｆ　and　the　relaxation which causes　hyperfine　pumping　is
indicated by　‰　．　　As mentioned　in　Sec.工工エー2, the　hyperfine
pumping enhances　strongly　the　saturation　of　absorption.
Comparing　Figs.　III-7　and　工II-8, one may　see　that　the Doppler-
free　spectra　associated with　the　hyperfine　pumping　are　strong。
　　　　　In　this　experiment, the　powers　of　the　pump and probe　beams















































































between　the　pump and probe beams was　at　least ２×１０‘２　rad.　The　CS
cell　was　used at　room　temperature　１１　°C, at which　the　vapor
pressure　and density　of Cs　atom　are 3.0×１０’７　torr　and
１．０）（1010　cm", respectively.　　The Doppler-broadened width　of　the
Ｄ２absorption　line　is　about　１８５　MHz (HWHM) at　１１°Ｃ．　工ｎ
Pig.　工工Ｉ－1ｔ　ｗｅ　can　see　in　the　curve Ｂ　that　the　Doppler-broadened
background was　also　reduced by　the　pump beam.　This was　due　to
the　fact　that　the　fluorescence　induced by　the　pump beam was　also
detected by the　photodiode　to　detect　the　intensity of　the
transmitted probe beam。
　　　　　工ｎ　the　present　experiment, the most　probable velocity　of
atom　is　about　２００　m/s, and　the　transit　time　across　the　pump beam
is　roughly　estimated to be　about 4x10"^　ｓ， so　that　the　saturation
parameters　can be calculated　from Eq. (III.6) to be　ｌｓ’｀Ｊ５０　for
the　Ｆ °４　to ４　transition″and 〕:ｓ’｀ｊ４０　for　theＦ °４ to　３
transition, which　give　the　power-broadened　linewidths　about　２０
and　１５　MHz (HWHM) respectively.　　０ｎ　the　other　hand, the　transit
time　across　the　probe　beam is　about　５）（１０‾６　s,and　工ｓ｀７　for　the











in　the　ground　state　of　Cs ， in　two　cases　that (八〉the
pump beam was　not　applied　and (B) the　pump beam was









parameter　工ｓ　is about　０．２　for　the pump beam, which　gives　the
linewidth　and depth　of　LI　about　８　MHz (HWHH) and　１０　１
respectively.　　These　results　of　the　theoretical　calculation　are
listed　in Table　工工Ｉ－６．　Additional　line　broadenings　to be
considered are　those　due　to　the misalignment between　the　pump and
probe beams ， which　give　ａ　line broadening with Gaussian　shapef
and　due　to　the　spectral width　of　the GaAlAs　laser:ｉ　which　are
estimated　to be　about　５　MHz　and　１０　MHz (HWHM) respectively・
Owing　to　these　line　broadenings, the　Doppler-free　spectra Ｌ２　and





Fig.　工工1-9, in　the　case　that　the　power　of　the　pump beam was　about











































































































for　the　pump and probe　beams, and　the width　and　relative
magnitude　of　each　saturated absorption　spectrum of　the















Fg = Fg' Fg*Fg'
Experimental　scheme　of　the　velocity-
selective hyperfine　pumping (A).　？ｈｅ　pumpand probe
frequencies　are　tuned　ｔｏω１　ａｎｄω２　respectively°The
pump beam burns　ａ　hole　and produces　ａ　swell　in　the
velocity　distribution　of　atoms　in　the　ground　state, and




positions　of　the　Doppler-free　spectra　ｌ』4, L5, C5　and Ｃ６　indicated
in　Fig.工II-9 were　determined by the　theoretical　values　of　the
hyperfine　separations.　One　can　see　in　Fig.　工II-9, the　relative








































































































the　absorption　line where　the　hole burning　is producedf the
absorption coefficient "^hp　is presented as　ａ　similar　form　as
Eg. (工工1.15〉by　replacing　subscripts　ｃ with b, and by changing
the　sign　of　the　right-hand　side.　From above　analysis.　we　see


















!rhese　show　that the　probe　and pump beams　simultaneously　interact
with　atoms　in　the　same velocity　group。
　　　　　工ｎ　thecase　of　ｔｈｅＣｓ’Ｄ２　line,three　transitions　are　allowed










pump beam detects　one　of　the holes　and swells by three
transitions.　When　the probe　frequencyω２　is　swept　through　either
absorption　line　from Ｆ　＝３　or　４　level　in　the　ground　state, two





signal　appeared when　the　pump beam burns　ａ hole by F°Ｆ９゛Ｆｅ
transition, and　the　probe　beam detects　the　hole　or　swel］L by
Ｆ　゛Ｆ４４　Ｆ;　transition.　Ａ narrow dip or　peak　of　absorption　in
the　signal　of　the　probe beam appears　respectively when　Ｆｇ　°Ｆ;　ｏ「
Ｆ９≒Ｆ４‘　when the pump frequencyω１　is tuned　to　the absorption








































from　the　ground　state, in　two　cases　that Ａ the pump beam































which were　obtained when　the　pump frequency was　fixed　by using
the　temperature　control　at　three　typical　frequencies within　the
absorption　line　from　the　hyperfine　level　with　Ｆ　＝　４　in　the　ground
state, and　the　probe　frequency was　swept, by varying　the
injection　current, through both　absorption　lines　from Ｆ　＝’３　and　４
in　the　ground　state.　The　curve Ａ shows　the　signal　０ｆ　the　probe





















signal　obtained when　the　pump beam was　applieぐ１．　We can　seer in
the　curve　B, some narrow dips　and peaks　on　the　Doppler-broadened
absorption　signals　from Ｐ　＝　４　and　Ｆ　＝３　levels　in　the　ground
state　respectively.　　These　results　show　the　evidence　that　the





and probe　beams　were　about　４００　μＷ and　１０　mm and　２０　μＷand　ｌ　mm
respectively.　　The　Cs　cell　was　cooled down　ｔ０　０　°C,at which　the
Cs　vapor pressure　is　'＼.8×１０‾８　torr.　　The　saturation parameters　in
this　case are 工　へｊ２０ and １０ for　the Ｆ = 4 to　4 and 4 to 3
　　　　　　　　　　　　　　Ｓ　　　　　　　　　　　　　●
transitions　respectively.　　Because　the misalignment　angle　of　the
pump　and probe　beams was　relatively　large ， the　observed　spectra
















pump beam was　simultaneously　observed, by which　the　positions　of
the　probe　signals were　determined.　工ｎ　Fig.　III-13, some　narrow
















misalignment between pump and probe　beams.　Ａ more　careful
１３４
experiment　may　show more　clear　spectra　of　the　velocity-selective




homogeneous width　owing　to　relatively heavy mass　of　Cs.　Such










































































theory of　the　frequency-stability　analysis, and we　discuss　on　the
limitation　of　the　frequency stability of　the GaAlAs　laser　locked
to　the　Ｃｓ‾Ｄ２　line.　The　experimental　results　show　that　the
frequency stability　of　the GaAlAs　laser was　better　ｔｈａｎ１０｀１１，
which　is　comparable　to　that　of　ordinary　iodine-locked　He-Ne
laser。




























































detection.　when　the　Doppler-free　signal　is written　as　Ｓ（ω) , and
the Doppler"broadened　background　as　Ｄ１（ω〉for　PDl　and Ｄ２（“j)for




























vibration　and acoustic noise ，ａ１１　optical　components　are　fastened















































































　　　　　工ｎ　Fig.　:［V-2,there　still　exists　ａ broad component ， which
comes　from　the　incomplete　elimination　of　Doppler-broadened
background.　This　is mainly　due　to　the　difference　of　the




ground　state, observed by　the　pump beam (　curve Ａ ) and　the　probe
beam (　curve　Ｂ　）．　As　seen　in　Fig.　IV-3 ， the　absorption　of　the
pump　beam was　strongly　saturated at　about　the　frequencies　of
transitions　from　the　Ｆ　＝　４　level　in　the　ground　state　to　the
























calculated　shape　of　the Doppler-broadened absorption　line in　the
case　that　the　cell　is　optically　thin.　Comparing　the　curves　Ｂ
with　Cf we　see　that　the　absorption　spectrum of　the　probe beam　is
























stabilization, which was　kept　so　long　as　the　fluctuation of　the




frequency was　locked to　the crossover　resonance Cl by　feeding
back　the　error　signal　to　the　current driver　of　the　GaAlAs　laser.
In　Fig.工V-5A″ＴＯ shows　the　time when　the　feedback loop of　the
injection　current was　turned　on.　Figure　工V-5B shows　ａ　part　of
the　recorder　trace　showing　the　fluctuation of　the　error　signal
after　the　time　ＴＯ° These　traces were　taken by the　recorder　with
freuency　response　slower　than　１　Hz.　As　seen　in Fig.　工V-5B, the
short-term　fluctuation　of　the　laser　frequency　is　less　than











　　　　　工ｎ　this　section^ we present　ａ brief　review on　the
theoretical　analysis　of　frequency　stability of　the
ｌａｓｅｒ，１０５）″１１４〉-118)　which　is　used　to　estimate　the　limitation　of





















In　the frequency-domain analysis, the　spectral　density S (f) is
generally　used, which　is　defined　usually　as　ａ　Fourier　transform
of　the　autocovariance　function R (て）ｏｆ　y(t)by using wiener-
Khintchine　tｈｅｏｒem119） as

















{ｘ(七十T) - X(t)} (:[V.12]
The　statistical　behavior　of y{t) can be　analyzed　in　terms　of　the
variance, i.　e. the　second moment calculated　as
(く(７)＝〈ｙ２(ｔ，Ｔ)＞－〈y(t,T)>2
where　the　broken bracket　represents　the　time　average:




　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－without　any loss of generality. we can　assume　that　〈y(t.て〉〉　＝　0.



















RＸ（て）　canbe written　in ･ terms　of　the spectral　density　S (f) as
R (t)゜∫;⊇２ COs(2TTfT) df (工V.19)





　　　　－sample y(t) over infinite time-duration of observation as in
above　calculations.　More　realistic　case　is　that Ｎ　samples　of























This　is not　convenient because a (N″Ｔ″て）　depends　onall　of　the




The　expectation value　of　Eq. (IV.24) is　usually called　as　”Allan
variance", and　often　its　square　root　is　called　in　the　same　term.








Especially　in　the　case　of Ｎ＝　２　andＴ ＝　て,the Allan variance　is




when we　can measure ａ set of　finite but large　number　of　data　ｙｋ″








number　Ｍ．　The　formula　of　Allan variance　given by Eq. (工V.28) is
very　convenient　for　practical　use.　　Ｎａｍｅｌｙｌ（Ｊ２（２ｆて)can　be
calculated　easily　and　directly　from　ａ　set　of　data, i. e. from ａ
trace　of　error　signal　０ｆ　the　laser　frequency　in　our　case.　From
Eq. (IV.25), we　can　obtain　the　relation between a 12,て) and　the
spectral　density as
(J2(2'７)゜喬jr; sｙ(芝)竺今べ響ざむ- du･ (工V.29)
　　　　　It　is　knownby　experience　that, in　an　analysis　of　the
frequency　stability　or　instability　of　an　oscillator　in　the











with　１　＝　-2, -1　and　0, the Allan variance a(2,T〉is　calculated































which is　shown in Fig.工Ｖ-６　in　the case　that ａ　＝１　and　ｆ＝
ω/2Tr　＝１　Hz.　The Allan variance　in　Eq. (工V.34〉increases　as






















the Allan varince　as mentioned　in　Sec.工V-3-1.　At　first　the
error　signal　recorded on　ａ chart　is　normalized by　the mean
frequency　３ .518X10-'-'*　Hz　of　the　Ｃｓ‾Ｄ２　line.The horizontal　axis
（　time　axis　〉of　the　trace　of　the　error　signal　is　divided　into
















































　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●Ｋ２ ゛Ｋ１ °Ｏ°９９″ＫＯ °Ｏ°８９″Ｋ-１ °1.19 and Ｋ－２ °ｏ°７５°
　　　　　We　have　considered　on　the　limit　of　the　frequency　stability
of　the GaAlAs　laser　locked at　the CS-D2　line　by using　above
results.　Figure　〕:Ｖ-8　shows　the Allan variance a(2,T,. )
calculated　from　the　recorder　trace　of　error　signal　taken　for





detection was　０．１　s, the　Allan variance was　calculated　for　the
averaging　time　longer　than　０ 。１　ｓ．　While, for　the　averaging　time














the　trace　of　error　signal　taken by ａ pen　recorder　with　frequency
response　below　１　HZf and the　time　durationてＯ　for　the basic　set
of　data was　２。５　ｓ．　Themaximum sampling number　Is　１００　for　each
averaging　time　in　the　present　case.　In　this　casef the　standard
deviation　of the　nornalized　uncertain!ty a ( 6) was　about
１０　percent. The Allan variance between ３．０×１０‾１２　and　１．０×１０“１１
was　obtained at the　averaging　time between　０ 。１　ｓ　and　1000　ｓ　as
seen　in　Pig.　IV-8, and　the minimum value was　obtained at
てａｖ゛１°３　ｓ°　In　our　analysis, we　used the　theoretical　values　of
the　hyperfine　separations　in the　６２Ｐ３／２　state°But when we　use
the　hyperfine　separations measured by Violino, the Allan variance
becomes　１．２　times　larger　than　that　shown　in　Fig.　工V-8, so　that
the mlnlmuin value　becomes ３．６）（１０“１２．　The　frequency　stabilityof
ａ GaAlAs　laser　is usually of　the　order　of　１０“８　under　free-















frequencies　of　two　stabilized GaAlAs　laser　must be　compared by
observing　the　beat　frequency.　　In　the　present work ｆ　such　absolute




The Allan variance was　almost　constant　between t° Ｏ゛１５　ｓ　and
４　ｓ．　This　result　indicates　that　the　stability　of　the　laser
frequency　in　this　region was mainly determined by　the　flicker
noise　frequency-modulation with　the　spectral　density　ｃ゛ｆ“１． In
these　region　of　ｔｈｅ‘averaging　time, the　frequency　stability was










This was mainly　due　to　ａ　drift　of　the　room temperature which
caused ａ　small　drift of　the　diode　temperature.　The Allan
variance　Increased between　てａｖ°　４　ｓand １２　ｓwith a slope　of　1/2,




12　ｓ was　done　together　with proportional　control, the Allan





defined　in　Eq. (工Ｖ°３７〉″inwhich we　use　Ｋｉ°１゛ The　error　bars　in
the　regionてａｖ〉　３０　ｓare out of　１０　亀accuracy　in　this
estimation.　Two broad peakes　and　dips　of　the Allan variance　can







Allan variance　increased again　in　the　region Ｔａｖ゛３００　ｓwith　the
slope　１／２　of　random walk　noise　frequency-modulation.　This was
due　to　ａ　slow drift of　room　temperature, which　caused an　drift　of
output voltage　of　the bridge　circuit and　the　drift of　the　diode
temperature.　The　frequency　stability　of　the　GaAlAs　laser inust　be


































above　system, the　aluminum block mounting　the　laser　diode was　not
small　enough, which　resulted　in　the　time　lag　about　１２　ｓ　and
caused　instability when　the　loop-gain　of　feedback　was　raised.　In
















































of　the　output voltage　of　the bridge　circuit measuring　the　diode








focused by ａ　lens with　focal　length　１　cm　is　split　into
the　pump and probe beams by ａ polarizing　beam　splitter.
The　polarization axes　of　the　pump and probe　beams　are
perpendicular　to　each　other ．　Ａpart　of　the　probe beam









laser　frequency (B) and　corresponding bridge　output voltage (C)
which were　obtained　in　the　experiment　of　the　temperature
stabilization (　Sec. IV-2-2　）．　In　above　experiments, the　same
types　of　the　thermistor　and　the bridge　circuit as　in　the　present
system were　used.　Looking　at　Fig.　IV-11, one　can　see　that　the





focal　length　１０　mm and diameter　１０　nun.　Ａ pinhole　at　the　face　of
the　lens　provides　ａ　laser　beam with　ａ circular　cross　section with
diameter　of　several　ｌ　mm.　The　laser　beam　attenuated　is　split
into　two beams　by using　ａ　polarizing beam　splitter　of　ｌ　cm cube
with　the　extinction　rate　９９　１ ．　The polarizing beam　splitter
reflects　almost　completely　the　laser　beam with　the polarization
perpendicular　to　the　splitter　axis　and　transmits　almost






cell　as　ａ　relatively　intense　pump beam.　The　pump beam, after
transmitted　through　the　cell, goes　out　of　the　optical　system




the　pump beam by using　two mirrors　and　the　second beam　splitter.
after　attenuated by ａ neutral　density　filter.　After　transmitted
through　the　cell, the probe　beam　is　reflected by　the　first　beam
splitter　and　detected by　ａ　silicon photodiode.　By　focusing　the
probe　beam　slightly,　the　probe　beam can be　put　completely　into









zero　in　principle, by using　the　polarizing beam　splitter, which
can　identify　the　pump and probe beams　by　their　polarizations.　In
the　optical　system used　in　the　previous　experiment, to　avoid　the
172
light　returning back　to　the　laser　diodef small misalignment was




So, no　special　apparatus　such as　air-floating　table might be
necessary。

















addition, the　shapes　of　both Doppler-broadened and Doppler-free






of　the probe beam Ａ and　the







of　the probe beam Ａ and the






makes　it difficult　to compensate　the　Doppler-broadened background
in　the　signal　０ｆ　the probe　beam.　since　the　signal-to-noise　ratio
of　the　observed Doppler-free　spectra was　sufficiently high, it　is










absorption　lines　from the　hyperfine　levels with Ｆ＝　４　and　３　in　the




power　and　diameters　of　the pump and probe　beams were　about　ｌ　mW
and　２０　yWr and　４ mm and　２ mm, respectively.　　In　Figs.　工V-13　and
IV-14, we　show also　the　Doppler-broadened absorption　signal　０ｆ
the　reference beam.　The　frequency　scales　of　these　figures were





























that　the　centers　of　the　Doppler-free　spectra became pointed, and
their　depths were　several　times　increased.　This was mainly due








figures^ we　see　the Doppler-broadened background　is　almost
disappeared.　The　expected positions　of　the　Doppler-free
resonancｅｓ．　which　are　calculated　in　the　same way as　Figs.　工V-13
and　IV-14, are　also　shown　in　Figs. IV-15　and　IV-16, which　fit
well　to　the　peaks　of　the　observed Doppler-free　spectra.　The








viblation　even when　no particular　Isolations　of　vibration was
performed.
IV-5　Conclusion　and Discussions




stabilization was made　by　the　the　temperature　stabilizationr the ．
fluctuation　of　the　laser　frequency could be　reduced to　less　than
５　MHz, which was　sustained against　few degree　drift　of　the　room
temperature.　Under　the　control　of　the　diode　temperature. the
laser　frequency was　locked　to　the crossover　resonance by　feeding
back　its　first　derivative　to　the　injection　current　of　the GaAlAs
laser.　We　could　obtain　the　short-term　frequency-stability　about














the　diode　temperature was　reduced ｔ０ less　than 1×１０爽４　°Ｃwhich

















broadened background was　not completely　eliminated　from　the





　　　　　In　the　present work ， we constructed ａ　compact　optical　system
１７９
with　size　２０　×　１０　×　5cm .　We carried　out　some improvements　of
this　compact　system.　The most　important　improvement was　that, by
using polarizing　beam　splitters, the misalignment　of　the　pump and
probe beams　could be　nearly　zero.　and　the　line　broadening　of　the














precision measurements　of　length　and velocity.　　This　can　also be
applied　to　the　Cs　beam　atomic　clock　as　ａ　stable　light　source　for
the　hyperfine　pumping。
　　　　　Finally,　it must be　pointed　out　that, since　the　commercially
available　semiconductor　lasers　cover　the wavelength　range　down　to
７５０　nnifit　is　now possible　to　stabilize　ｔｈｅ・laser　frequency at
Ｄ　lines　of　Potassium (　766.5　nm　1　769.9　nm　) and Rubidium
（　780.0　nm　7　794.8　nm ) and　to　absorption　lines　of　molecules　such
180






































widths　of　observed Doppler-free　spectra were much　larger　than　the
natural　linewidth　of　the D2　line　２．６　MHz(HWHM), because　it　is
subjected　to　broadenings　due　to　nonlinearity　in　atom-light






theoretical values of hyperfine separations in the ６２Ｐ３／２　state‘
The　power　of　the pump beam was　９１０　uWin　this　experiment.　Even






experiment, we　have monitored　the　velocity distribution　of　atoms
in both　of　two　hyperfine　levels　in　the　ground　state, using　two
GaAlAs　lasers ， and we　have　been　able　to　confirm　that　atoms　are




results, we　can　say with　no　doubt　that　the　semiconductor　laser ，
and　especially　the　temperature-controlled　system developed　in　the









crossover　resonance by　feeding back　the　error　signal (　the　first
derivative　of　the　Doppler-free　spectrum　）ｔｏ　the　injection
current.　The　obtained　short-term　frequency-stability was　less





















possible　to make　ａ　compact　and portable　laser　system whose
frequency　is　highly　stabilized.　Actually, we　have　constructed　ａ
compact　optical　system using　small　optical　components which　are
mounted　on　ａ　platform with　size　of　２０　×　１０　×　5cm .　工n this
system, some　improvements　have　been　done ， and　the misalignment　of









this　system, but　it can be　said with　no　doubt　from our
preliminary　experiments, that　the　frequency　stability becomes
much　higher　than　that　obtained by　the　previous　system.　Further
improvement of　the　frequency　stability may be　achieved by
optimizing　the　powers　and　diameters　of　the　laser　beams　and　the
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